Production of reactive oxygen species (ROS) and consequent glutathione oxidation are associated with various physiological processes and diseases, including cell differentiation, senescence, and inflammation. GFP-based redox sensors provide a straight-forward approach to monitor ROS levels and glutathione oxidation within a living cell at the subcellular resolution. We utilized palmitoylated versions of cytosolic glutathione and hydrogen peroxide sensors (Grx1-roGFP2 and roGFP2-Orp1, respectively) and demonstrated a unique redox environment near biological membranes. In HeLa cells, cytosolic glutathione was practically completely reduced (E GSH/GSSG = − 333 mV) and hydrogen peroxide level was under the detectable range. In contrast, the cytoplasmic milieu near membranes of intracellular vesicles exhibited significant glutathione oxidation (E GSH/GSSG > − 256 mV) and relatively high H 2 O 2 production, which was not observed for the plasma membrane. These vesicles colocalized with internalized EGFR, suggesting that H 2 O 2 production and glutathione oxidation are characteristics of cytoplasmic surfaces of the endocytosed vesicles. The results visually illustrate local redox heterogeneity within the cytosol for the first time.
Introduction
Many biological processes involve reduction-oxidation (redox) reactions, which inevitably generate free radicals and other reactive oxygen species (ROS). Excess ROS potentially perturbs normal homeostasis through oxidative modifications of lipids, proteins, and nucleic acids and has been linked to human diseases and senescence [1, 2] . To protect the cell from ROS, biological systems utilize thiol-containing biomolecules, glutathione being the most abundant. ROS is catalytically detoxified at the expense of glutathione by glutathione peroxidase. Oxidatively modified protein thiols are reduced by glutaredoxins, which also depend on glutathione. These redox processes are coupled to glutathione oxidation (GSH to GSSG), making GSH/GSSG balance a useful measure of oxidative stress [3] . Oxidative shift of GSH/GSSG balance not only indicates an increase in ROS levels, but also causes modification of protein thiols, i.e., glutathionylation and disulfide formation. Therefore, maintaining the GSH/GSSG balance within a proper range is essential for normal homeostasis.
In physiological conditions, cells are supposed to intrinsically generate a certain level of ROS at least in part from respiratory chain in mitochondria [4] , xanthine oxidase in peroxisomes [5] , and NADPH oxidases at biological membranes of a cell and various vesicles [6, 7] . Many sensors have been developed to monitor ROS level and GSH/ GSSG balance in a living cell and some sensors are targeted to specific subcellular compartments to monitor redox equilibrium in organelles [8] [9] [10] [11] [12] . The recently developed targeted sensors demonstrated that subcellular compartments contain different levels of ROS and maintain different balances of redox pairs [10] . While the lumen of some compartments are characterized by a relatively oxidized balance of glutathione (mitochondria and endoplasmic reticulum), the cytosol was shown to be particularly reduced (E GSH/GSSG is around − 330 mV [13] ) at least partly because of the activities of cytosolic glutathione reductases.
While the average redox balance of the cytosolic glutathione pair is maintained at reductive level [10] , it is possible that specific parts of the cytosol are locally oxidized, which has been potentially overlooked in previous studies using cytosolic redox sensors. The currently available fluorescent sensors such as roGFP derivatives and dichlorodihydrofluorescein diacetate (DCFDA) freely diffuse within the cytosol and local differences, if any, may not be detected. Based on previously determined diffusion coefficient of cytosolically expressed EGFP (1.3 × 10 −11 m 2 /s [14] ), the mean time for EGFP to traverse 1 µm square area is estimated to be in the order of 10 −2 s which may not be sufficient for redox reactions in currently available redox sensors; even a rapidly-reacting glutathione sensor Grx1-roGFP2 [10] has t 1/2 of~10 s for full oxidation/reduction [10] . Thus, our current Palm . Grx1-roGFP2 and roGFP2-Orp1 were fused with the first 29 amino acid residues of human guanine nucleotide exchange factors (GEF) which contains S-palmitoylation motif (Cys23/25/ 26). Palmitoylated proteins can associate with biological membranes from the cytoplasmic side. B, Grx1-roGFP2
Palm and roGFP2-Orp1 Palm were transfected into HeLa cells and protein localization was analyzed using confocal microscopy. For comparison, the data for the original cytosolic constructs are shown. Scale bars, 10 µm. C, Localizations of Grx1-roGFP2 Palm and roGFP2-Orp1 Palm were assessed by immunostaining for organelle markers; EGFR at the plasma membrane and endocytic vesicles, ABCD3 at peroxisome, phosphodiesterase (PDE) at endoplasmic reticulum, TUFM in mitochondria, LAMP1 at lysosome. Scale bars, 10 µm. Co-localizations at the plasma membrane (PM; open arrow heads) and vesicular membranes (VM; filled arrow heads) are indicated.
knowledge about the cytosolic redox status lacks local information. Considering that ROS is mainly generated within the organelle lumen or membranes [6, 7] , the cytoplasmic sides of different organelle membranes and the plasma membrane (PM) may have unique redox states. In this study, we sought to compare the glutathione redox balances between the whole cytosol and the cytosolic surfaces of vesicular membranes (VM) and PM. To this end, we utilized palmitoylation of a roGFP-based glutathione sensor (Grx1-roGFP2 [10] ), successfully targeted the sensor to PM and VM, and performed ratiometric analyses of local redox balance of cytosolic glutathione. The results demonstrated marked glutathione oxidation near VM. We further constructed a palmitoylated version of a hydrogen peroxide sensor (roGFP2-Orp1 [15] ) and found relatively higher levels of H 2 O 2 production near VM compared to PM and the whole cytosol. These results visually highlight a unique redox environment near biological membranes for the first time.
Material and methods

Construction of palmitoylated redox sensors
Plasmids pEIGW/Grx1-roGFP2 [10] and pEIGW/roGFP2-Orp1 [15] were gifts from Dr. Tobias Dick (Addgene plasmid # 64990 and # 64993, respectively). pPalmitoyl-mTurquoise2 [16] was a gift from Dr. Dorus Gadella (Addgene plasmid # 36209). Palmitoylated redox sensors were constructed from original plasmids pEIGW/Grx1-roGFP2 (Grx1-roGFP2
Cyto ), pEIGW/roGFP2-Orp1 (roGFP2-Orp1 Cyto ). Oligonucleotides used in the study are listed in Supplementary Data 1. Procedures of plasmid construction were fully documented in Supplementary Data 2. Briefly, DNA fragment coding for Grx1-roGFP2 was amplified by PCR using DNA primers XmaI_Grx1roGFP2_F and NotI_Grx1roGFP2_R and pEIGW/Grx1-roGFP2 as a template. The resulting fragment was inserted into pPalmitoyl-Turquoise2 plasmid in which Turquoise2 coding region was removed in advance. The resulting plasmid pPalmitoyl-Grx1-roGFP2 (Grx1-roGFP2 Palm ) was propagated in bacterial host XL10-Gold (Aggilent Technologies) and extracted using Plasmid Midi Kit (QIAGEN). Exactly the same strategy was adopted to construct pPalmitoyl-roGFP2-Orp1 (roGFP2-Orp1 Palm ) except that PCR was performed using primers XmaI_roGFP2Orp1_F and NotI_r-oGFP2Orp1_R and pEIGW/roGFP2-Orp1 as a template. The entire coding regions of pPalmitoyl-Grx1-roGFP2 and pPalmitoyl-roGFP2-Orp1 were sequenced for validation. DNA concentration was estimated by absorbance (λ=260 nm) using NanoDrop ND-1000 UV-Vis spectrophotometer.
Cell culture and transfection
HeLa cell line was kindly provided by Dr. Shigeru Sassa (The Rockefeller University, NY) and maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 10% FBS (v/v), 100 U/ml Penicillin, and 100 µg/ml streptomycin. Cells were cultured on collagen-coated 35 mm Fluoro Dishes (World Precision Instruments, Inc., FD35-100). Plasmids were delivered into cells by transfecting 2 μg of plasmid DNA using Lipofectamine 3000 (Life Technologies). Culture medium was replenished 24 h after transfection and redox assay was performed typically 48 h after transfection. Prior to redox assay, culture medium was changed to 1 ml of roGFP assay medium (phenol-red free DMEM supplemented with 10% (v/v) FBS). 
Confocal microscopy and immunostaining
Subcellular localizations of roGFP derivatives were analyzed using confocal microscope FV1000 (Olympus, Japan) equipped with a temperature-and CO 2 -controlled stage chamber. Images were processed using Image J [17] with Fiji package [18] . For immunostaining, cells were cultured on collagen-coated cover slips in a 12-well plate, fixed with 3.7% paraformaldehyde (PFA) in PBS for 20 min, permeabilized with 0.2% (w/v) Triton X-100 in PBS for 10 min, and blocked with 1% (w/v) BSA/1% (w/v) gelatin in PBS. Primary and secondary antibodies used in cell staining were listed in Supplementary Data 3. All antibodies were used at a dilution of 1:200. Stained samples were mounted with Fluoromount-G with DAPI (Southern Biotech, AL) and placed on slide glasses.
Ratiometric measurement of glutathione redox potential and hydrogen peroxide level
The degree of glutathione oxidation and H 2 O 2 production was determined using previously documented method [8, 10] . Live cells expressing roGFP derivatives were analyzed by confocal microscopy as described above. For analyzing immunostained samples and taking zsection images, cells were treated with 10 mM N-ethylmaleimide (NEM) for 10 min at room temperature prior to PFA fixation. Each image was taken for two tracks with distinct excitation (488 nm and 405 nm) and a single emission range 540-560 nm. To avoid photobleaching and unwanted stress response, beam intensity was limited to as low as 0.5% and 0.2% for I405 and I488, respectively, and signals were detected using gallium arsenide phosphide (GaAsP) PMT high sensitivity detector unit (Olympus, Japan). The ratio of intensities for I405 and I488 (R I405/I488 ) represents the degree of sensor oxidation. For testing redox reactivity of the sensors, time-lapse images were taken during addition of exogenous oxidant and reductant; 0.1 mM H 2 O 2 was added to culture medium for sensor oxidation and monitored for up to 30 min, followed by adding 5 mM DTT for sensor reduction. Percentage of sensor oxidation (OxD) was calculated from I405/I488 value using Hanson's equation. Redox potential was obtained by applying OxD and standard redox potential of glutathione pair (E°r oGFP2 , − 280 mV [19] ) to Nernst equation. Calculations are fully described in Supplementary Data 4.
Results
Membrane targeting of redox sensors via palmitoylation
To target the Grx1-roGFP2 (glutathione) and roGFP2-Orp1 (H 2 O 2 ) sensors to the cytoplasmic side of biological membranes, we fused them with an N-terminal palmitoylation motif, producing Grx1-roGFP2 Palm (Fig. 1A) and roGFP2-Orp1
Palm . We transfected the resulting plasmids into HeLa cells and observed specific fluorescent signals within membranous structures, including the plasma membrane (PM) and intracellular vesicles (Fig. 1B) . The identity of these vesicles was assessed by immunostaining using various organelle markers (Fig. 1C) We further performed fluorescence recovery after photobleaching (FRAP) experiments to evaluate the association of the sensors to the biological membranes. Unlike soluble proteins in the cytosol, diffusion of membrane-bound proteins is limited within a lateral plane and exhibits slow FRAP kinetics [20] . As a static control, Grx1-roGFP2
Cyto was overexpressed and fixed with paraformaldehyde (PFA) before FRAP assay, resulting in irreversible fluorescence quenching in a focused area (dashed box in Fig. 2A) . Without PFA-fixation, photobleaching caused a significant decrease of overall fluorescence of Grx1-roGFP2 Cyto within a cell, reflecting an immediate diffusion of fluorophore. In contrast, Grx1-roGFP2 Palm was quenched only within a focused area and the fluorescence was slowly recovered with t 1/2 of 300 s (Fig. 2B) . Similarly, roGFP2-Orp1 Cyto exhibited immediate diffusion, while roGFP2-
Orp1
Palm was characterized by slower recovery with t 1/2 of 350 s. Thus, both Grx1-roGFP2 Palm and roGFP2-Orp1 Palm diffused in a much slower rate compared to their cytosolic forms. In conjunction with their localization patterns (Fig. 1B and C) , we concluded that the majority of Grx1-roGFP2 Palm and roGFP2-Orp1 Palm associated with biological membranes.
Palmitoylation does not affect the redox response of glutathione and H 2 O 2 sensors
Introduction of an exogenous sequence into redox sensors can potentially disrupt redox reactivity or protein integrity. Therefore, we tested the reactivity of palmitoylated sensors. Glutathione oxidation was induced by adding H 2 O 2 to the culture medium to a final concentration of 100 µM as previously described [10] . We transiently expressed Grx1-roGFP2
Cyto and Grx1-roGFP2 Palm in HeLa cells and treated the transfected cells with 100 µM H 2 O 2 and 5 mM DTT to induce oxidation and reduction of the sensors. Grx1-roGFP2
Cyto exhibited an immediate increase of R I405/I488 , indicating H 2 O 2 -mediated oxidation of cytosolic glutathione and a rapid response of the sensor (Fig. 3A) . As originally documented by Gutscher et al. [10] , the R I405/I488 value gradually returned to the basal level, suggesting anti-oxidative processes within the cytosol. Interestingly, we observed prolonged response for Grx1-roGFP2 Palm , which was sustained for at least 30 min after addition of 100 µM H 2 O 2 (Fig. 3A, right) . Signals from the PM and vesicles were separately analyzed and both signals produced a similar response against H 2 O 2 and DTT. The maximal and minimal R I405/I488 values were comparable between Grx1-roGFP2
Cyto and Grx1-roGFP2
Palm , suggesting that the same parameters can be applied for estimating redox potentials. Similarly, roGFP2-Orp1 Palm exhibited longer response compared to the original roGFP2-Orp1 cyto construct, and maximal and minimal I405/I488 values were not changed by palmitoylation (Fig. 3B) . These results confirmed intact redox reactivity of palmitoylated sensors and point to a unique redox equilibrium near biological membranes.
Constitutively high levels of H 2 O 2 production and glutathione oxidation near vesicular membranes
The advantage of fluorophore-based redox sensors is the capability of redox imaging in living cells. As shown in Fig. 4A , using Grx1-roGFP2
Palm , we visualized a unique spatial pattern of glutathione oxidation, which was far from being homogenously distributed (Timelapse movie is available as Supplementary Data 5). Steady-state redox status of HeLa cells was monitored by time lapse imaging over 90 min, demonstrating that the analysis can be stably performed without apparent photoquenching or optical damage and that vesicular membrane (filled arrow head in Fig. 4A ) was constitutively more oxidized than PM (open arrow head in Fig. 4A ). Three-dimensional distribution of the sensor illustrates that perinuclear vesicles are specifically oxidized (filled arrow head in Fig. 4B ). The average R I405/I488 values were 0.5 for the whole cytosol (determined by Grx1-roGFP2 Cyto ), 0.9 for PM, and 1.5
for vesicular membranes (Fig. 4C) . These values correspond to redox potentials of − 333 mV, − 275 mV, and − 256 mV, respectively. Similarly, roGFP2-Orp1 Palm was specifically oxidized on vesicular membranes (filled arrow head in Fig. 4D ) while no oxidation was observed on PM (open arrow head in Fig. 4D ), pointing to higher H 2 O 2 level around perinuclear vesicles compared to PM (Fig. 4E) .
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.redox.2017.11.015.
Discussion
GFP-based redox sensors allow real-time analyses of various redox pairs in live cells. In this study, we utilized Grx1-roGFP2 [10] and roGFP2-Orp1 [15] , designed to specifically report the redox status of glutathione and production of H 2 O 2 , respectively. Organelle-targeted versions of redox sensors have been previously constructed to assess glutathione oxidation in the mitochondria [10, 12, 21] , nucleus [11] , ER [9] , and cytosol [10, 11] , indicating that subcellular compartments have distinct redox equilibria and that the cytosolic glutathione is particularly reduced. Considering the presence of membrane-bound NADPHoxidases [6, 7] and possible permeation of oxidants from the lumen [4, 22] , the redox status of glutathione may not be completely homogenous within the cytosol. In this study, we tested this hypothesis and focused on the redox environment near the cytoplasmic side of the membrane surface. By attaching a palmitoylation motif, Grx1-roGFP2 [10] and roGFP2-Orp1 [15] were successfully targeted to biological membranes, including the PM and intracellular vesicles. The sensors sustained intact redox reactivity, allowing analyses of glutathione oxidation and H 2 O 2 production near the membranes. The results demonstrated relatively high levels of glutathione oxidation and H 2 O 2 production near vesicular membranes, which were clearly different from the cytosolic side of the PM or the rest of the cytosol (Fig. 4E ). Based on a similarly high I405/I488 value for roGFP2-Orp1
Palm at intracellular vesicles, glutathione oxidation around the vesicles is expected to be in part due to H 2 O 2 production.
To target the redox sensors to biological membranes, we utilized a palmitoylation domain from Rho guanine nucleotide exchange factor (RhoGEF). Goedhart et al. successfully targeted the fluorescent protein mTurquoise2 to the PM by attaching the same sequence [16] . We swapped the fluorophore moiety in this original construct with either Grx1-roGFP2 or roGFP2-Orp1 to generate the palmitoylated redox sensors. The resulting proteins were efficiently targeted to the PM (Fig. 1B) , but, seemingly, their localization to intracellular membranes was more prominent than that of the original palmitoyl-mTurquoise2 [16] . Protein aggregation was unlikely based on intact fluorescence, redox reactivity, and complete solubility after treatment with detergents (data not shown). Steady-state localization of palmitoylated proteins is not limited to the PM. Fyn is present in RhoD-positive endosomes [23] whereas p21rhoB is mainly targeted to early endosomes and a pre-lysosomal compartment [24] . Based on such endocytic-lysosomal pathway as well as colocalization with EGFR (Fig. 1C) , vesicular signals of Grx1-roGFP2
Palm and roGFP2-Orp1 Palm is expected to reflect late endosomes. Palmitoylation is an effective approach to target redox sensors to membranes of different intracellular structures, allowing direct comparison between distinct membranes. To analyze specific organelle membrane, the sensors need to be targeted using more specific approaches. The simplest and most reliable strategy for membrane targeting may be to attach the sensor to the cytoplasmic tail of a membrane protein destined to a specific organelle. To visualize intracellular structures in live cells, various fluorescent membrane proteins have been designed [16, [25] [26] [27] [28] . By replacing fluorophores in these organelle-targeted proteins with redox sensors, it will be possible to monitor local redox environment around specific intracellular structures.
Conclusions
We constructed palmitoylated versions of redox sensors that allow the analysis of glutathione oxidation and H 2 O 2 production near the cytoplasmic sides of biological membranes. The results demonstrated clear differences from the rest of the cytosol; the cytosolic milieu was markedly oxidized near vesicular membranes. The degree of glutathione oxidation (E GSH/GSSG > − 256 mV) is in principle sufficiently high to induce thiol oxidation in some proteins, implicating the impact of the local redox environment within the cytosol. Such local redox environment is significantly different from the overall reduced state of the cytosol and may underlie pathologies related to redox perturbation.
